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We propose a dark matter model with standard model singlet extension of the universal extra 
dimension model (sUED) to explain the recent observations of ATIC, PPB-BETS, PAMELA and 
DAMA. Other than the standard model fields propagating in the bulk of a 5-dimensional space, one 
fermion field and one scalar field are introduced and both are standard model singlets. The zero 
mode of the new fermion is identified as the right-handed neutrino, while its first KK mode is the 
lightest KK-odd particle and the dark matter candidate. The cosmic ray spectra from ATIC and 
PPB-BETS determine the dark matter particle mass and hence the fifth dimension compactification 
scale to be 1.0-1.6 TeV. The zero mode of the singlet scalar field with a mass below 1 GeV provides an 
attractive force between dark matter particles, which allows a Sommerfeld enhancement to boost the 
annihilation cross section in the Galactic halo to explain the PAMELA data. The DAMA annual 
modulation results are explained by coupling the same scalar field to the electron via a higher- 
dimensional operator. We analyze the model parameter space that can satisfy the dark matter 
relic abundance and accommodate all the dark matter detection experiments. We also consider 
constraints from the diffuse extragalactic gamma-ray background, which can be satisfied if the dark 
matter particle and the first KK-mode of the scalar field have highly degenerate masses. 
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I. INTRODUCTION 

Recently, there have been many pieces of evidence 
on detection of dark matter (DM) from either direct 
searches or indirect searches. The DAMA/LIBRA col- 
laboration has published their new results and con- 
firmed and reinforced their detection of an annual 
modulation in their signal rate. Combined with the 
DAMA/Nal data, they have interpreted this observa- 
tion as evidence for dark matter particles at the 8.2(T 
confidence level The ATIC-2 experiment has re- 
ported an excess in its preliminary e+ + data at en- 
ergies of 500 — 800 GeV ^3] . This is confirmed recently 
by the PPB-BETS balloon experiment [1]. It can be 
naturally explained by dark matter annihilation into 
electrons and positrons. The PAMELA collaboration 
has published their results showing an anomalous in- 
crease of the positron fraction in the energy range of 
10 - 100 GeV [ll. AU of these experimental results 
are possible indications of detection of dark matter. 
In this paper, we propose to explain all these experi- 
mental results in terms of a concrete particle physics 
model. 

There are well motivated models containing unbro- 
ken discrete symmetries and providing dark matter 
candidates in the literature. In the extensively studied 
Minimal Supersymmetric Standard Model (MSSM), 



the i?-parity protects the lightest supersymmetric par- 
ticle from decay 0- In the Universal Extra Dimension 
model (UED) [y] , the Kaluza Klein (KK)-parity keeps 
the lightest KK-odd particle stable and therefore also 
provides a dark matter candidate [7|. In this paper, we 
focus on the explanation of dark matter experiments 
based on the UED model. However, in the minimal 
UED model, the dark matter candidate, KK-photon, 
is difficult to account for the PAMELA results be- 
cause of their small annihilation rate to electrons and 
positrons in the Galactic halo. Recent studies have 
shown that the PAMELA results can be explained if 
the dark matter particles mainly annihilate into elec- 
tron and positron pairs, and there exists a large boost 
factor to increase the annihilation cross section in the 
Galactic halo [1]. The large boost factor can be ob- 
tained through the Sommerfeld enhancement effect if 
there is a new long-range force attractive between two 
dark matter particles [10] (see also [llj for other parti- 
cle physics models that explain the PAMELA results). 
If the particle mediating the long-range force only cou- 
ples to electrons, then the elastic scattering of dark 
matter on the electron may explain the DAMA re- 
sults without contradicting the null results from other 
direct dark matter experiments like CDMS [l3] and 
XENON [l|. 

Hence, additional ingredients are needed in the 
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UED model. In this paper, we explore this possibil- 
ity by studying the standard model singlet extension 
of the UED model (sUED). Other than the standard 
model (SM) fields propagating in the 5-dimensional 
bulk, we introduce two new SM singlet fields: one 
fermion field and one scalar field. The zero mode of 
the fermion field i'r plays the role of the right-handed 
neutrino and generates the neutrino Majorana mass 
through the see-saw mechanism. The first KK-mode 
of the fermion field contains two Weyl fermions with 
the lightest one called %_ as the lightest KK-odd par- 
ticle. To simplify our discussions, we only include one 
generation of right-handed neutrinos, while the gener- 
alization to more generations is staightforward. The 
zero mode of the scalar field sq is chosen to have a 
mass below 1 GeV, which couples to the right-handed 
neutrino field through a renormalizable operator and 
hence provides a long-range force for the dark mat- 
ter candidate X-- order to explain the PAMELA 
results, we also couple the light scalar field sq to the 
electron field through a higher-dimensional operator 
and let sq mainly decay into a pair of electrons. The 
same coupling of sq to the electron field can also gen- 
erate a large elastic scattering cross section betweeen 
X- and the electron to explain the DAMA results. 
The paper is organized as follows. In section [TTl we 



present the field content and the Lagrangian of our 
model. We analyze the particle spectrum and iden- 
tify X- a-s the lightest KK-odd particle and the dark 
matter candidate. In section HTTl we calculate the relic 
abundance of the dark matter candidate. We also take 
the co-annihilation effects into account in this section. 
We illustrate how to accommodate the ATIC-2, PPB- 
BETS and PAMELA results, and the DAMA results 
in section IIVI and |V] respectively. In section IVIl we 
show how to evade the constraints from diffuse extra- 
galactic gamma-ray background today by making two 
KK-odd particles highly degenerate and lowering the 
kinetic decoupling temperature of the dark matter. 
Finally, we conclude in section IVIII 



II. THE MODEL 

We consider all SM fields, a new SM singlet fermion 
field N and a new SM singlet scalar field S, prop- 
agating in one extra dimension, which is compacti- 
fied on an S^/Z2 orbifold with the fundamental re- 
gion < y < TT R. We have the action of our model 
as follows 
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Here, y,y and y^ are dimensionless parameters; L 
and H are 5/7(2) doublets and give us the four- 
dimensional field £l = [vl^cl)'^ and the Higgs dou- 
blet h\ E is an SU (2) singlet and corresponds to four- 
dimensional field cr] H = z tT2 i?* with (T2 as the 
second Pauli matrix. N contains the right-handed 
neutrino i^r, as its zero mode; C5 is the 5-d charge- 
conjugate operator, C5 = 1707275 [iBl- In our analy- 
sis, we will neglect the family indices, but note that 
it is easy to extend our model to include more gener- 
ations of fermions. 

In the following analysis, we will choose 1/R ~ 
O(TeV) and m ^ fi = O(GeV) to explain the re- 
cent observations. We also note that the choice of a 



positive mass for the scalar field is not mandatory. An 
alternative approach is to consider a potential for S 
with a negative mass such that the zero-mode of S de- 
velops a vacuum expectation value, which can replace 
the parameter m through the Yukawa coupling yM- 
Since there is a hierarchy between the scales fi and 
1/R, the mass of the zero- mode S of O(GeV) is not 
stable against radiative corrections, in a similar way 
to the Higgs mass in the standard model. A more so- 
phisticated process for building the model is required 
to address this problem. 
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The scalar field, S, is decomposed to 4-d fields as 



1 



■R 



i>i 

(2) 

The 5-d spinor field N = (^,77)"^, with 77 = i(j2ri*. 
We choose the Neumann- Neumann boundary condi- 
tion for ^ and hence the Dirichlet-Dirichlet boundary 
condition for r]. vr is the zero mode of ^. The fields 
^ and T] are decomposed as 



After integrating out the fifth dimension and after 
breaking the eletroweak symmetry, we arrive at the 
following 4-d effective Lagrangian 
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Here wc only keep the zcroth and first KK modes basis, X- = * (^1 — Vi)/V^ ^^(^ X+ = (^1 
of the particles in the Lagrangian; = 174 GeV we have 
is the vacuum expectation value of the Higgs field; 
t/e = y'gTTvR and y^ = y'^nvR. In the mass eigen- 
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(5) 



Here nil, = vtv"^ /in- is the left-handed neutrino mass 
through the see-saw mechanism (we will choose the 
energy scale for m to be around one GeV, so y^ 
needs to be very small to fit the neutrino mass. For 
i/i, « 6 X 10^®, we have rriv ~ 0.1 eV. Although this 



neutrino Yukawa coupling is three order of magnitude 
smaller than the electron Yukawa coupling, the see- 
saw mechanism is still playing a role here, otherwise 
the neutrino Yukawa coupling needs to be ~ 10^^^); 
the right-handed neutrino mass is approximately m 
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assuming y^v <C m; = (/x^ + 1/i?^), which is 
the mass of the first KK mode of the scalar field; 
M± = f /R ± m which are positive for m <C 
2 me < /i < TO, so the right-handed neutrino ur can 
decay to vl plus sq, and sq can decay to two elec- 
trons. In the minimal UED model, after taking radia- 
tive corrections into account, all first KK modes have 
masses above the compactification scale 1/ R . The 
fermion Yukawa coupling and the scalar quartic cou- 
pling in general will lower the first KK-mode masses. 
Therefore, we anticipate that after radiative correc- 
tions, the three new KK-odd particles Si, x+ ^'^^ X- 
have masses below other SM KK modes. Due to theo- 
retical uncertainties including Brane-localized terms, 
we will keep their masses as free parameters. Fur- 
thermore, we assume M+ > Mg > M_, therefore the 
lightest KK-odd particle X- is the dark matter can- 
didate in this model. The x+ fi^ld decays into si 
plus vl, while si mainly decays into x- plus vl when 
Ms — A/_ < TO (the decay channel of si to X- plus 
is kinematically forbidden). 



III. ANNIHILATION, CO-ANNIHILATION 
AND RELIC ABUNDANCE 



The present relic abundance of dark matter is 
related to the pair-annihilation rate in the non- 
relativistic limit by the sum of the quantities, a{X) = 
{v a) with V ~ 0.3 to be the relative velocity between 
the dark matter particles. For simplicity, we only 
consider s-wave channel annihilation in this paper 
because the p-wave channel is suppressed by 0{v^). 
The present dark matter abundance from WMAP 
collaboration, 0.096 < flh"^ < 0.122 (2cr), requires 
fltot = 0.81 ± 0.09 pb [lOllllI, assuming the dark mat- 
ter candidate in our model can make up all the dark 
matter. 

Since the three lightest KK-odd particles have al- 
most degenerate masses, we need to consider co- 
annihilations among these particles. The effective an- 
nihilation cross section 16] is 
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(1 + A,f/^H-A,f /2e--('^'+^^) , 

(6) 

with (Jij = a{XiXj SM particles). Here, Xi repre- 
sents the three lightest particles in our model with 
i — 1 for X- J * — 2 for x+ 9'Ud i = 3 for si; 
Ai — {Mi — M-)/M-; Qi is the number of degrees 
of freedom of the z's particle: 171^2 = 2 for x± ^-ud 



33 = 1 for si; f^off is defined to be 
3 



5cff = X! 5'' + 



3/2 g-xA, 



(7) 



To simplify our calculation, we will choose x — x-p — 
M^/T-p w 20 (Tp is the dark matter freeze-out tem- 
perature). For nearly degenerate masses such that 
Ai ^ 1/a;, the exponential part of the above equation 
approximately equals to one and is independent of the 
freeze-out temperature. When the three lightest KK- 
odd particles have nearly degenerate masses or satisfy 
Ai < 0.01, which is the case in our model, we have 



25^ 



25 



(8) 



Since the operators associated with y,, and y^^ are 
higher-dimensional operators, it is natural to have 
ye tVd ^ Vm ■ lu the following, we only keep the 
largest Yukawa coupling yM in calculating the anni- 
hilation cross section. The dominant self-annihilation 
channel of X-'s is X-X~ ~^ i^rvr in the f-channel 
by exchanging the Si field (the s-channel diagram 
by exchanging sq field has zero contribution to the 
s-wave annihilation, and is neglected here. For the 
same reason, we also neglect the annihilation channel 
X- X- So So). To leading order in the relative ve- 
locity, u, of two X-'s and neglecting vr mass in the 
limit TO <C 1 / R, the annihilation cross section is 



M^ 



64 7r(M2 + M|)s 



+ 0{v^). (9) 



The annihilation cross section ct++ of x+ X+ ^ ^B. 
has a similar formula by replacing M_ with . The 
co-annihilation cross section of X- X+ ~^ ^R. is 
from the ^-channel diagram by exchanging si and has 
the formula 



V a ^ 



y4 (M_ + M+)^ 
256 IT {M^M+ + M2)2 



+ 0{v^). (10) 



The co-annihilation cross section cr_s of X- si —> 
So vr by exchanging x- in the f-channel is calculated 
to be 



V G- 



y\^ (Af_ - Msf 
MttMIMs (M- + Ms) 



+ 0{v^). (11) 



A similar formula for ct+s can be obtained by chang- 
ing M^ to M+. Finally, for the self-annihilation of si. 
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the annihilation process is si si Vfj vj^ by exchang- 
ing X- ^nd x+ in i-channel. It has the following 
formula 



Vl^ (M_ - M+f {M^ - Ml Ma)^ 

StT (M2 + M2)2 (M2 + M2)2 



(12) 

When M_, M+ and are nearly degenerate, we use 
the parameter M_ to represent those three variables. 
From Eq. dH), we have 



400 7rM2 

Therefore, the quantity Otot in our model is 



(13) 



Otot 



y^. 



400 TT Af 2 



X 0.32 pb. (14) 




FIG. 1: Feynman diagram of the main annihilation chan- 
nel of X- in our model. 



energy to be a half of the dark matter mass. Nu- 
merically, we show the energy density distribution in 
Fig. [2l which is calculated using Calchep [13 . 



For the dark matter mass of 1-1.6 TeV, we need to 
choose y^j « 1.2-1.6 to satisfy the current dark mat- 
ter relic abundance. 



IV. ATIC, PPB-BETS AND PAMELA 

The ATIC-2 balloon experiment reported an ex- 
cess in the e'^ + e~ energy spectrum between 500 — 
800 GeV . This has been confirmed recently by the 
PPB-BETS balloon experiment One explanation 
of this excess is that the dark matter particles annihi- 
late into electrons. 

Specific to our model, the dark matter candidate %_ 
mainly annihilates to the right-handed neutrinos 
which subsequently decay into -\- sq. Because the sq 
has a mass below and above twice of the electron 
mass, it dominantly decays into two electrons. The 
process chain is 

X- X- ^R>^R vl So vl So ^ vl e+ e" e"^ e" , 

(15) 

and the Feynman diagram is shown in Fig. [1] 

Neglecting all particles' masses except those of X- 
and si, each of the four electrons has a nearly flat 
energy spectrum with the maximum energy of a half 
of the dark matter mass M_. This is because each 
right-handed neutrino Vfi carries energy of the dark 
matter mass M_. After it decays into a fermion and 
a scalar, the scalar field sq carries approximately a half 
of i^/j energy. Because two fermions and e~ has an 
isotropic distribution in the sq rest-frame, each elec- 
tron has a flat energy spectrum with the maximum 
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300 600 900 E 

FIG. 2: The energy density distribution as a function of 
the positron energy E (in GeV) for 1 TeV dark matter 
mass. The errors on this plot come from uncertainties of 
numerical simulations. 

As can be seen from Fig.[2J the positron energy den- 
sity distribution has a flat spectrum with the upper 
limit to be a half of the dark matter mass. Since the 
products of the annihilation contain mainly leptons, 
we should anticipate the observation of an excess in 
positrons and not in anti-protons [isj . In order to ex- 
plain the ATIC-2 results, the dark matter mass M- in 
our model should be from 1 TeV to 1.6 TeV. Hence, 
from Eq. (fT^ the Yukawa coupling needs to be 
from 1.2 to 1.6 to provide the right relic abundance of 
dark matter. 

The PAMELA data Q show a steep increase in the 
energy spectrum of the positron fraction / {e^ + e~) 
in cosmic rays above 10 GeV. Several groups have an- 
alyzed the dark matter explanation of this observation 
and found that for dark matter directly annihilating 
to two electrons a large boost factor is needed to fit 
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the PAMELA data [8|. Depending on diffusion pa- 
rameters, a boost factor of a few hundred is required 
in general [81]. In our model, we have four electrons 
in the final state. The maximum energy for each elec- 
tron is one half of the dark matter mass and between 
500 GeV to 800 GeV. Considering the fact that the 
electrons have final state radiation of photons, we an- 
ticipate a continuous spectrum with an edge close to 
M_/2. To explain the PAMELA data, a boost factor 
from the Sommerfeld enhancement is needed to fit the 
observed positron spectrum. In our model, the light 
visible particle Sq provides a long range force between 
the dark matter candidate X- induces a Yukawa 
potential between two X-'s- Neglecting the contact 
interaction, in the limit /i ^ 2/^/(4 tt) M„, we use the 
Coulomb potential to calculate the boost factor due 
to Sommerfeld enhancement lOllllOll 



B 



Vl 



4 Whalo 



360 - 640 , 



(16) 



where Whaio ~ 10^'^ is the typical dark matter velocity 
in our Galaxy and — 1.2 — 1.6 from the relic abun- 
dance calculation. From the analysis in [l^, a boost 
factor around 300 for a flat electron energy spectrum 
with 800 GeV maximum energy provides a good fit 
to the PAMELA data. Therefore, up to uncertainties 
in astrophysical models and diffusion parameters, our 
model can accommodate the PAMELA data and at 
the same time satisfy the relic abundance. 



ter particles and the bound electrons with high mo- 
menta (~ 0(1 MeV)). In Nal (TI), the bound elec- 
trons have a small but non-zero probability to have 
such high momenta. 

In our model, the DM-electron scattering is natu- 
rally realized by exchanging the scalar field sg i which 
is also the mediator to generate the large boost factor 
to explain PAMELA. The corresponding Feynman di- 
agram is shown in Fig.El In Ref. the DAMA/Nal 



So 



FIG. 3: Feynman diagram of the DM-electron elastic scat- 
tering. 



annual modulation data is analyzed to give a bound 



1.1 X lO-^pb/GeV < irr^ < 42.7 x 10" 



'pb/GeV 
(17) 

at 4cr from the null hypothesis, where ^ is the dark 
matter fraction of x~ in the halo. In our case C = 1- 
The cross-section for DM-electron scattering at rest is 
denoted Cg, and in our model given by 



V. DAMA 

The DAMA collaboration reported an annual mod- 
ulation in their DAMA/Nal experiment which has 
been recently confirmed in the DAMA/LIBRA experi- 
ment by the same collaboration. To reconcile the neg- 
ative results from other direct searches such as CDMS, 
XENON-10 and CRESST-I, the authors of Ref. [H 
proposed a scenario in which the dark matter particle 
interacts dominantly with the electron in the ordinary 
matter. In this case, bounds from other experiments 
can be avoided. For example, CDMS combines ioniza- 
tion, phonon and timing information to reject events 
from electron recoils. Similarly, XENON rejects elec- 
tron recoils based on the ionization/scintillation ra- 
tio. In contrast, the DAMA experiments are based 
on scintillation only, which can detect electron recoils 
with a low threshold. To release energy in the re- 
gion where the annual modulation is observed (2-6 
keV), elastic scatterings occur between the dark mat- 



yl Vm "^e 



(18) 



The coupling is also constrained by the electron g — 
2: j/e < 2 X 10~^ /x/MeV (see AppendixEJ. Assuming 
= 1.2 and Af_ = 1 TeV, we obtain the allowed 
region for and j/e from Eq. (jlT)) , as shown in Fig. H] 
From Fig. [H we see that /i is constrained to be < 
0(100 MeV) and the corresponding is consistent 
with the fact that it comes from a higher-dimensinal 
operator. Since the results from the DAMA/LIBRA 
experiment confirm the DAMA/Nal results, we expect 
a significant allowed region still exists after including 
the DAMA/LIBRA data 



VI. EARLY ANNIHILATION AND DIFFUSE 
BACKGROUND 

After dark matter falls out of chemical equilibrium, 
it may continue to interact with the standard model 
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decays into X- plus vj^ and the width of si field is 



U (GeV) 



0.00 0.02 0.04 0.06 0.08 0.10 0.12 
FIG. 4: The allowed region (shaded) for /i vs y. 



fields through elastic scattering. Therefore, the ki- 
netic equilibrium temperature is in general below the 
chemical freeze-out temperature. The existing studies 
show that the kinetic decoupling temperature T^d has 
a wide range from several MeV to a few GeV in the 
SUSY and MUED models [H]. This range of kinetic 
decoupling temperatures implies a range of the small- 
est protohalos with a mass from lO^^A/^ to 10^ M^. 

Specific to our model, if the first scalar KK mode 
si has a mass nearly degenerate with the mass of the 
dark matter field x_, there is an s-channel resonance 
enhancement for the elastic scattering cross section 
of X- with vl. Therefore, we see that a much lower 
kinetic decoupling temperature Tkd can happen in this 
model. The relevant Feynman diagram is shown in 
Fig. [SJ When the neutrino energy is much less 




FIG. 5: Feynman diagram of the elastic scattering of x- 
with ul- 



than the dark matter mass, the cross section of this 
elastic scattering process has the form 



El 



16 7r[(M2 - M|)2 + M|r2] 

4 7p2 



(19) 



For the case M+ > Mg > and - M_ < to, si 



r., = 



M 



2 \2 



16 7rM3 



(20) 



For ^j-, < 1, we neglect the width part in the propa- 
gator of si and have the cross section only depending 
on the mass difference of Si and x-- 

As the universe expands, the dark matter density 
and the elastic scattering rate, T^, = {va^)n,j, de- 
creases. Here n^, is the number density of neutrinos, 
which are assumed to be in local thermal equilibrium 
and V fa I'm this case. Following the discussion in 
the thermal average of a,^ is 



(21) 



As functions of temperature, ^ and the Hub- 
ble rate of expansion H ^ T^/m-p\. The relax- 
ation time T is defined as the time X-'s need to re- 
turn to local thermal equilibrium after a deviation 
from it, which is related to the elastic scattering rate 
as t{T) Ki .j2jiM_/{TT^). The kinetic decou- 
pling of the dark matter candidate X- happens when 
T(Tkd) = l/^C^kd), from which we obtain 



2 M\^'^ , 

Tkd « — A , 

Vn \mp\J 



(22) 



where = AP — M^. For example, when M_ = 
1.0 TeV and y„ = 0.1, Tkd varies from 2 keV to 
20 MeV for A between 1 MeV and 10 GeV. Using the 
relation between the mass of the first gravitational- 
bound structure, Mc, and the kinetic decoupling tem- 
perature [1^: 



Mc ~ 33 (Tkd/lO MeV)~3 Mg 



(23) 



we have 300 < < 3 x lO^'^ M© for A between 
10 GeV and 1 MeV. 

The X-'s in the dark- matter halos annihilate into 
electron-positron pairs in the energy of a few hundred 
GeV. The electrons and positrons rapidly inverse- 
Compton scatter with CMB photons and contribute 
to the diffuse extragalactic gamma-ray background 
today. The energy density in photons today from 
dark matter annihilation in the first halos is calcu- 
lated in \2i 



Pi 



as 



2.64x10" 



-1/3 



TW 



GeV cmT^ . 
(24) 
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The EGRET experiment imposes a bound 
on the extragalactic gamma-ray back- 
ground [13] ■ It can be translated to < 
5.7 X lQ-^^{Ej/GeV)-"-^ GeVcm-^. Therefore, 
this imposes a bound on A, which is the mass square 
difference between x- and si, as 

-^5l(Ttv)"(<iv) 

The access energy range of Ej in EGRET is from 
30 MeV to 100 GeV. This means that a degenerate 
spectrum between x_ and si up to order of MeV is 
needed to evade the current bound from the diffuse 
background. 



VII. DISCUSSIONS AND CONCLUSIONS 

At the LHC, the production mechanism of the KK- 
odd particles in our model is similar to the minimal 
UED model. Unlike the minimal UED model, the KK 
mode of the right-handed neutrino x- is the lightest 
KK-odd particle. Hence all other first KK modes of 
the SM particles should ultimately decay into x_. In- 
terestingly, the KK photon B^, which is the lightest 
KK-odd particle in the minimal UED, decays into si 
plus two electrons through an off-shell intermediate 
KK electron exchanging. The si subsequently de- 
cays into X- and vl- The decay process of B^ is: 

B^ ^ e+ + e- + si e+ + e- + x~ + vl (26) 

If the mass difference between B^ and X- is a few tens 
of GcV or more, there will be lots of energetic leptons 
produced at the LHC [13]. In order to accommodate 
the DAMA results and be consistent with the electron 
g — 2, the relevant coupling is of order 10""^. Hence 
the width of B^ is estimated to be ~ y1 AAf /(64 tt^) 
with AM^ = M|i - M^, which is of order eV. 

Since the products of the dark matter annihila- 
tion also contain high energy neutrinos, the Super- 
Kamiokande may observe those energetic neutrinos 
from the sun [33|. When dark matter meets the sun, 
its speed will be slowed down due to its elastic scat- 
tering with electrons in the sun. Once the dark mat- 
ter speed is reduced below the gravitational escap- 
ing velocity, it will be captured by the sun and pro- 
duce additional neutrinos through annihilation. We 
leave this neutrinos flux calculation related to Super- 
Kamiokande to future study. 



In conclusion, we have explored the sUED model, 
which is an extension of the UED model by including 
SM singlets, to explain the overwhelming evidence of 
direct and indirect dark matter detections from ex- 
periments including DAMA, ATIC-2, PPB-BETS and 
PAMELA. The dark matter candidate is the first KK- 
mode of the right-handed neutrino, x-, whose stabil- 
ity is protected by the KK-parity. 

The dark matter candidate X- mainly annihilates 
into the right-handed neutrino, which subsequently 
decays into the left-handed neutrino and a light SM 
singlet scalar, sq- The scalar sq has a mass below 1 
GeV, which mainly decays into two electrons. There- 
fore, the final state particles of dark matter annihi- 
lation contain four electrons and two neutrinos. To 
explain the electron and positron energy spectrum ob- 
served by ATIC-2 and PPB-BETS, we found that the 
mass of the dark matter candidate should be from 
1 TeV to 1.6 TeV, which sets the fifth dimension com- 
pactification scale. The PAMELA result is explained 
by the same dark matter annihilation. The needed 
"boost factor" in the cross-section is obtained through 
the Sommerfeld enhancement effect, due to the long- 
range force between two dark matter particles by ex- 
changing So- The dark matter relic abundance deter- 
mines the value of the Yukawa coupling of the dark 
matter to the scalar singlet. The same Yukawa cou- 
pling determines the boost factor from the Sommer- 
feld effect to be 360 — 640, suitable for explaining the 
PAMELA resuts. 

The DAMA results are explained by the elastic scat- 
tering of X- with electrons through exchanging the 
light scalar field sq in the t-channel. Since so only 
couples to leptons, the null results of the dark mat- 
ter direct searches at CDMS and XENON, which veto 
electron recoils, are automatically explained. We have 
found that there exists parameter space in our model 
to accommodate the DAMA results without contra- 
dicting the electron g — 2. Finally, by calculating the 
s-channel elastic scattering cross section of x- with 
the left-handed neutrino by exchanging the first KK 
mode of the scalar field si, we show that the diffuse 
extragalactic gamma-ray background constrains can 
be satisfied provided that the masses of X- and Si are 
highly degenerate. 
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APPENDIX A: THE CONSTRAINT TO 
FROM ELECTRON -2. 



The current experimental value for electron g — 2 is 
given by [sl] 



ae = (1 159 652 180.85 ± .76) x 10 



-12 



(Al) 



Given uncertainties in the determination of a, extra 
contributions to should satisfy [IH 



\6ae\ < 2 X 10 



-11 



(A2) 



8 TT"^ 



(A3) 



where 



L 



Ax ■ 



+ (1 — x){^lmeY 
When ii:^me, Eqs. (|X3l) and (|^ give us 

-5 A* 



(A4) 



2/e < 2 X 10- 



MeV 



(A5) 
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